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Abstract—In this article, a new semiquadratic high step-up
coupled-inductor dc/dc converter (SQHSUCI) with continuous in-
put current and low voltage stress on semiconductor components
is presented. The proposed structure employs a coupled-inductor
(CI) and two power switches with simultaneous operation to achieve
an extremely high voltage conversion ratio in a semiquadratic form.
The voltage stress across the main power switch is clamped by
two regenerative clamp capacitors. Here, the switching losses of
both MOSFETs have been reduced by applying quasi-resonance
operation of the circuit created by the leakage inductance of the
CI along with the balancing and clamp capacitors. Therefore, by
considering the high gain conversion ratio along with low voltage
stress on components, the magnetic and semiconductors losses of
the SQHSUCI are reduced significantly. Also, the energy stored in
the leakage inductance of CI is recycled to the output capacitor.
These features make the proposed SQHSUCI more suitable for
industrial applications. The operation principle, steady state, and
also comparisons with other related converters in continuous con-
duction mode (CCM) are discussed in detail. Finally, experimental
results of a prototype with 20 V input and 200 W–200 V output at
50 kHz switching frequency, verify the theoretical advantages of
the proposed strategy.

Index Terms—Buck–boost converter, coupled-inductor, renew-
able energy sources.

I. INTRODUCTION

NOWADAYS, renewable energy sources (RES) such as pho-
tovoltaic and fuel cells have been rapidly developed. Be-

cause of the low dc voltage levels of these sources (<50 V), high
step-up dc/dc switch-mode converters are often used as the inter-
face circuit to reach an appropriate output voltage (300–400 V)
for many applications. Using current-fed structures of step-up
converters with low input current ripple plays an important role
in proper operation of the RES for maximum extraction [1].
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The other desired performance indicators of these converters are
high conversion ratio, low voltage and current stresses, common
ground, high efficiency, and low cost. Moreover, the demand of
nonisolated converters with simple structure along with higher
efficiency and lower cost of implementation is ever increas-
ing [2], [3]. It is noteworthy that for high-power applications
(>1 kW), modular converters with higher volume and cost are
often used.

The conventional boost converter with simple structure and
continuous input current can be adopted to provide a step-up
voltage gain in renewable sources. However, in practice, this
converter cannot provide a proper high voltage gain, even in
the extreme duty cycles. In fact, because of high stress across
switching devices, this converter has to endure high switching
and diode reverse recovery losses, so that the voltage conversion
ratio and the power handling capacity are severely restricted. As
a result, it is necessary to improve such conventional converters
to achieve high voltage gain along with high efficiency with
a reasonable duty ratio. In the last years, by means of some
voltage boosting circuits such as voltage multipliers (VM),
switched-capacitors, switched-inductors, voltage lift (VL), and
also multistage techniques, many modified step-up topologies
have been suggested. However, achieving a wide voltage con-
version ratio in these converters often requires the use of a large
number of components. In addition, high spikes on components
in these converters lead to decreased efficiency, which limits
their applications [2], [3].

Today, utilizing magnetic devices including coupled inductor
(CI) and transformer along with other voltage-boosting circuits,
especially VMs, is a favorite candidate for high step-up con-
verters. In fact, in these converters, the performance of voltage
boosting circuits is greatly improved by adjusting the turn’s ratio
of CI, which helps to achieve a wider range of voltage gain at
suitable duty cycles. However, such converters often suffer from
voltage spike across the main switch that causes from the stored
energy in leakage inductor of CI, which can be resolved with
the help of clamp capacitors [3], [4]. Under some conditions,
the leakage inductor can also provide soft-switching conditions
as used in [5].

So far, many step-up topologies based on CI boost converter
(CIBC) with extended output voltage have been proposed. In
[4], [6]–[15], new types of step-up converters using CI along
with VM and regenerative passive clamp capacitor have been
suggested. In these converters, soft-switching conditions are
achieved with the help of the leakage inductance of the CL.
However, utilizing CI in series with the input source leads to
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high input ripple due to the effect of the reflected current on
the primary side of CI, which limits their applications in RES.
In order to reduce the input current ripple, current-fed converters
such as boost or SEPIC converters can be integrated with CIBC
[5], [16]–[21]. In these structures using VMs, the voltage gain
is higher than the conventional converters and also switching
and reverse recovery losses are alleviated with the help of the
leakage inductor.

Another solution to the further extension of voltage
conversion range along with maintaining the input current
with low ripple is the quadratic/cascaded boost and also hybrid
boost structures [11], [22]–[28]. In these solutions, the voltage
gain ratio is often improved as a quadratic or semiquadratic
function. However, high voltage stress and high current stress are
often the main disadvantages of these converters. In recent years,
to improve the performance, these converters are combined
with CI, clamp capacitors, and VM circuits. The use of a large
number of components along with input current with high ripple
are the main demerits of the hybrid high-gain converter with
semiquadratic voltage gain as proposed in [11]. Moreover, a new
coupled-inductor cascaded boost converter with lossless passive
snubber has been suggested in [22]. However, the mentioned
converter has demerits including the use of large number
of components and also high switching and diode reverse
recovery losses. Moreover, two types of hybrid quadratic boost
structures are presented in [23] and [24], which can provide
an ultra-high voltage gain with the use of a large number of
passive components along with suffering high voltage stress on
the main power switch. In [25] and [26], two new single-switch
quadratic boost high step-up converters have been proposed. In
these converters, despite high voltage stress on the main power
switch, the voltage gain rate has not increased significantly. In
high voltage gain hybrid cascaded connect converters proposed
in [27] and [28], due to the use of MOSFET in the middle stage
of the circuit, high voltage and current stresses are applied to it.

Based on the above aspects, the objective of this paper is
to present a new modified step-up converter (SQHSUCI) with
ultra-high voltage gain like semi-quadratic function, contin-
ues input current with low ripple along with enough high-
efficiency for application in the RES. The proposed converter
is based on a hybrid cascade connection of a boost and a
buck–boost converter as stacked coupled-inductor. The dual-
switch structure with simultaneous operation of the proposed
converter along with the use of a regenerative passive clamp
capacitor leads to a significant reduction in the voltage stress
on the main power switch. To further improve the converter
efficiency, quasi-resonance operation between the leakage in-
ductor of the CI and middle capacitors of the converter is
applied.

The remainder of this article is organized as follows. The
proposed converter operation is described in Section II. After
steady-state and efficiency analysis in Section III, DCM per-
formance analysis is given in Section IV. Comparison with
other related converters is discussed in Section V. Design
considerations are given in Section VI. Experimental results
are shown in Section VII. Finally, Section VIII concludes the
article.

Fig. 1. Cascade connection between boost and buck–boost converters [29].

Fig. 2. Schematic of the proposed SQHSUCI.

II. DESCRIPTION OF THE PROPOSED SQHSUCI OPERATION

A cascade connection between boost and buck–boost
converters is shown in Fig. 1 [29]. This converter with low
voltage stress on the main power MOSFET and continuous input
current can provide a step-up/down conversion ratio as follows:

MCCM(ideal) =
D

(1−D)2
. (1)

Here, D is the duty cycle of switches. Although the voltage
gain of this converter is a quadratic function, it does not have a
high voltage conversion ratio. For example, under large duty
cycle D = 0.65, the ideal voltage gain of this converter is
M = 5.3. However, due to the low voltage level of the RES,
a step-up converter with an ultra-voltage gain is often necessary.
As mentioned, the use of CI is a simple, effective, and proper
technique to achieve a wide voltage conversion ratio without
increasing the duty-cycle of the converter.

Fig. 2 shows the equivalent circuit of the proposed SQHSUCI,
which is a modified structure of the converter in Fig. 1. In the
proposed converter to further increase the voltage gain ratio, the
secondary side of CI is stacked at the output. The proposed
SQHSUCI consists of two power switches (S1 and S2) with
simultaneous operation, an input inductor (L1), a CI, four diodes
(D1, D2, D01, and D02), and four capacitors (C1, C2, C01, and
C02). In this converter, a regenerative passive clamp capacitor
C2 is used to reduce the voltage stress of the main power
switch and increase the voltage gain ratio. In addition, because
of the presence of quasi-resonant operation (QRO) among the
leakage inductance of the CI, C1, and C2, the current shape of
the MOSFETs S1 and S2 along with the output diode D02 has a
sinusoidal form. This reduces the switches’ turn-OFF losses and
eliminates the reverse recovery loss in this diode.

To simplify the steady-state analysis of the SQHSUCI, some
assumptions are made as follows.
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Fig. 3. Key steady-state waveforms of the proposed SQHSUCI during the
different time phases.

1) All converter semiconductor components are considered
ideal.

2) All capacitors are large enough, so their voltages are
assumed to be nearly constant during one switching cycle,
so their voltage ripples are neglected.

3) The CI is modeled with a magnetizing inductor (Lm) and
a merged leakage inductor (Lk) at the primary side with a
coupling-coefficient k = Lm/(Lm + Lk) and turns ratio
n = n2/n1.

4) The input inductor and magnetizing inductor are consid-
ered large enough, so their current ripples are neglected.

Theoretical key waveforms of the components voltages and
currents of the proposed converter under continuous conduction
mode (CCM) for one switching cycle are depicted in Fig. 3.
Moreover, the proposed SQHSUCI has three operating modes
in each switching cycle as is shown in Fig. 4(a)–(c).

Mode I [t0 < t < t1]: At t = t0, the power switches S1 and
S2 begin to conduct simultaneously, and diode D02 is in turn-ON

state. At the same time, diodes D1, D2, and D01 are reverse-
biased by VC1, VC2, and VC1 –VC01, respectively. The current-
flow path of the SQHSUCI in this mode is shown in Fig. 4(a).
The input inductor L1 receives energy from the input voltage
source Vin through S1, then its current increases linearly. In this
mode, the converter operates in QRO with the help of the leakage

Fig. 4. Current flow path of the proposed SQHSUCI during one switching
period under CCM operation: (a) Mode I [t0 − t1], (b) Mode II [t1 − t2], and
(c) Mode III [t2 − t3].

inductance on the primary side of the CI (LK) and the balancing
(C1) and clamp (C2) capacitors. With the help of this resonant
tank, the currents of the power switches S1 and S2 and also diode
D02 increase in the sinusoidal form. This results in a significant
reduction in the turn-OFF state losses of the power switches as
well as alleviate reverse recovery loss of the diode D02. Since
the voltages of capacitors C1 and C2 (VC1 + VC2) are applied
to the magnetizing inductor, its current increases linearly. On
the other hand, the output capacitor C02 received energy from
the leakage inductor and also balancing (C1) and clamp (C2)
capacitors through CI and D02. In addition, the output capacitor
C01 supplies the output load in series. The resonant frequency
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can be found using the following equations:

VL1 = Vin (2)

VLM = k(VC1 + VC2) (3)

iS2 = iLk (4)

iS1 = iLk + iL1 (5)

fR =
1

TR
=

1

2π
√
Lk

C1C2

C1+C2

. (6)

Here, k and fR are the coupling-coefficient of the leakage
inductance and resonant frequency, respectively. To ensure the
resonant operation in the SQHSUCI, the resonant frequency
should be higher than the switching frequency (fR > fs) of
the converter.

Mode II [t1 < t <t2]: This transition time interval starts at the
instant t = t1 when QRO is finished and the current of the output
diode D02 naturally reaches zero without reverse recovery loss,
as shown in Fig. 4(b). In this mode, the current passing through
switch S1, leakage inductor (iLk), and magnetizing inductor
(iLM ) are identical. The currents of the magnetizing and input
inductors are increased, which is the same as Mode I. Moreover,
the output load is supplied by the output capacitors C01, C02.
The following equations can be written in this mode:

VL1 = Vin (7)

VLM = k(VC1 + VC2) (8)

iS2 = iLM (9)

iS1 = iLM + iL1. (10)

Mode III [t2 < t < t3]: At the time t = t2, switches S1 and S2
are turned OFF and diodes D1, D2, and D01 are forward-biased,
simultaneously. During this time interval, as it is shown in
Fig. 4(c), the energy of the input inductor is transferred to capac-
itors C1 and C2, so their current decreases linearly. Moreover,
the voltage stress across the main power switch S1 is clamped by
the capacitors C1 and C2 in parallel. The output capacitor C01

is charged by the energy previously stored in the magnetizing
inductor. Consequently, the currents of the magnetizing and the
leakage inductors decrease linearly. It is noteworthy that, due to
the low level of the magnetizing inductor current at the end of this
mode, the output diode D01 will be switched OFF at minimum
reverse recovery loss. The following equations are expressed in
this mode:

VL1 = Vin − VC1 = Vin − VC2 (11)

VLM = k (VC1 − VC01) (12)

ID01 = ILK . (13)

The resonant operation in the proposed converter can occur in
two ways including below resonance (BR) (TR/2 < DTS) and
above resonance (AR) (TR/2 > DTS), the minimum values of
the switching and diode reverse recovery losses occur in the
critical mode operation (TR/2 ≈ DTS) of the converter, which
will be investigated in the next subsection. In critical mode
and nonresonant performances, the converter has two operating
modes including, Modes I and III.

Fig. 5. Voltage gain of the proposed SQHSUCI versus duty cycle, various
turns ratios of CI, and several coupling-coefficients compared to the converter
in [29] (cascaded boost and buck–boost).

III. STEADY-STATE ANALYSIS OF THE SQHSUCI

A. Voltage Conversion Ratio in CCM

The time transition of Mode II in CCM operation is signifi-
cantly short, which can be neglected. To simplify the steady-state
analysis, all four assumptions made in Section II are considered.
By applying the inductor volt–second balance principle for the
input inductor (L1), the voltage of the middle capacitors C1 and
C2 is achieved as

VC1 = VC2 =
Vin

1−D
(14)

where D is the duty cycle of the power switches S1 and S2. On
the other hand, from the volt–second balance for the magnetizing
inductors (LM ), the output semistage voltage gains in CCM are
expressed as follows:

VC01 =
(1 +D)Vin

(1−D)2
(15)

VC02 = nk (VC1 + VC2) =
2nkVin

(1−D)
. (16)

Therefore, the static voltage conversion ratio of the proposed
converter is achieved by adding (15) and (16) as follows:

MCCM(ideal) =
1 +D + 2nk (1−D)

(1−D)2
. (17)

Fig. 5 shows the voltage gain ratio of the proposed converter
versus duty cycle, several turns ratios of CI, and coupling-
coefficients (k) compared to the converter in [29] (in Fig. 1). As
it is shown in this figure, by applying the proposed technique, the
voltage gain ratio of the SQHSUCI has increased significantly
compared to the converter in [29] (Fig. 1). For example, in the
proposed converter, if the value of D = 0.65 and n = 1 are
selected, the ideal voltage gain is M = 18.77, that is, three and a
half times than the converter in [29] (with M = 5.3 in D = 0.65).
Moreover, it is clear that the small coupling coefficients (k = 0.9
and k = 0.8) of the leakage inductor can decrease the voltage
gain ratio. However, for low power rates of CI, this coefficient is
a higher value, which has no significant effect on the conversion
ratio, and then it can be set at one (k ≈ 1) in (17). Consequently,
the ideal voltage conversion ratio of the proposed SQHSUCI is
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expressed as

MCCM(ideal) =
1 +D + 2n (1−D)

(1−D)2
. (18)

Furthermore, as shown in Fig. 5, the voltage conversion ratio
of the SQHSUCI is increased exponentially versus the duty cycle
as semiquadratic form and proportionally versus the turns’ ratio
of CI. Consequently, the proposed converter is able to provide
an ultrahigh-voltage conversion ratio.

B. Voltage Stresses on Semiconductors in CCM

Voltage stress is one of the important indicators of the convert-
ers to choose the proper components. In the proposed SQHSUCI,
the maximum voltage stress on the main power switch S1 is
clamped by capacitors C2 and C1, simultaneously. Based on the
previous calculations, the voltage stresses across switches S1
and S2 and diodes D1, D01, and D02 are obtained as follows:

VDS1 =
Vin

1−D
=

(1−D)Vo

1 +D + 2n (1−D)
(19)

VDS2 = VCO1 =
(1 +D)Vo

1 +D + 2n (1−D)
(20)

VD01 =
2Vin

(1−D)2
=

2Vo

1 +D + 2n (1−D)
(21)

VD02 =
2nVin

(1−D)2
=

2nVo

1 +D + 2n (1−D)
. (22)

It is clear from (19)–(22) that the voltage stresses across
semiconductors are inversely dependent on the turn’s ratio of
CI (n). Therefore, in a larger turn’s ratio, the voltage stresses are
reduced significantly.

C. Current Stresses of Semiconductors in CCM

Considering a lossless performance along with neglecting the
current ripple of magnetic components in CCM operation, the
average values of the input and magnetizing inductors currents
are calculated as

Iin(AVG)
= MIo (23)

ILM(AVG) =
Io

1−D
(24)

where MCCM
ideal and Io are the static voltage gain and the output

load current, respectively. According to (24), the average current
passing through the magnetizing inductor is not dependent on the
turn’s ratio of CI (n). This will result in a significant reduction in
the CI core size. Moreover, the current stresses passing through
the diodes are given by applying the ampere–second law on the
capacitors C01 and C02 as

ID01MAX =
IO

1−D
(25)

ID02MAX =
πIO
2D

(26)

Fig. 6. Shape of current through the switch and the output diode Do2 in QRO
mode.

ID1(MAX) =
(1 + nD) IO

(1−D)2
(27)

ID2(MAX) =
(D + 2n− 3nD) IO

(1−D)2
. (28)

Fig. 6 illustrates the current shape of the converter power
switch along with output diode D02 under three states of
resonance including without QRO, BR, and critical mode
(TR/2 ≈ DTS). It is clear that due to the QRO effect, the current
shape of output diode D02 has a sinusoidal form. As shown in
this figure, the critical operation of the SQHSUCI eliminates the
reverse recovery loss of the output diode along with reducing the
switches turn-OFF loss by 2nIo/D. Consequently, the efficiency
can be significantly improved. Considering critical mode oper-
ation and using (4), (5), (23), and (24), the maximum and root
mean square (rms) values of switches current are calculated as

iS1 (t) = MIO +
IO

1−D
+

πnIO
2D

sin (ωrt) (29)

IS1(MAX) =
IO

1−D
+

πnIO
2D

+MIO (30)

IS1(RMS) =

IO

√
D.

(
2 (1 + n− nD)

(1−D)2

)2

+
(nπ)2

8D
+

4n (1 + n− nD)

(1−D)2

(31)

iS2 (t) =
IO

1−D
+

πnIO
2D

sin (ωrt) (32)

IS2(MAX) =
IO

1−D
+

πnIO
2D

(33)

IS2(RMS) = IO

√
D

(1−D)2
+

2n

1−D
+

(nπ)2

8D
. (34)
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Fig. 7. Main power switch voltage and current stress comparison of the
proposed SQHSUCI for Vo = 200 V and Po = 200 W.

Also, the voltage and current stresses comparison of the main
power switch of the proposed SQHSUCI under Vo = 200 V
and Po = 200 W is shown in Fig. 7. According to this figure,
when the turn’s ratio of the CI is increased, the voltage stress
of the main power switch is decreased, while the current stress
level is increased. Moreover, the suitable range of duty cycle to
achieve the lower values of voltage and current stresses of the
main switch is between 0.3 < D < 0.7.

D. Analysis of Theoretical Efficiency

In practice, the presence of parasitic resistors in converter
components including MOSFETs, magnetic devices, capacitors,
and diodes are the main causes of power loss.

The power losses of MOSFETs are mainly divided into three
main parts: turn-ON, turn-OFF, and conduction losses. The MOS-
FETs conduction losses of the proposed SQHSUCI are calculated
as

PLoss
SW (Cond.) = Rds1(ON).I

2
s1(RMS) +Rds2(ON).I

2
s2(RMS).

(35)
Here, Rds(on) is the static drain-to-source ON-resistance. The

turn-OFF and turn-ON state losses of the power MOSFETs S1 and
S2, which are related to their drain to source voltage stresses, are
estimated as

PLoss
SW (NO) =

1

2TS

[
Ids1(on)Vds1ton1 + Ids2(on)Vds2ton2

]
(36)

PLoss
SW (off) =

1

2TS

[
Ids1(off)Vds1toff1 + Ids2(off)Vds2toff2

]
(37)

where toff and ton are, respectively, the time of turn-OFF and
turn-ON transition of the MOSFETs. In addition, Ids1(on or off) and
Ids2(on or off) are the values of the MOSFETs current at the turn-ON

or turn-OFF instants, respectively. As shown in Fig. 6, due to the
QRO performance of the proposed converter, the current at the
turn-OFF instants of the power MOSFETs is significantly reduced.

Considering the parasitic resistors of the converter magnetic
components (L1 and CI), the copper losses can be expressed as

PLoss
Mag.(Copper) = rL1I

2
L1(RMS) + rLMI2LM(RMS). (38)

Fig. 8. Effect of QRO performance of the proposed SQHSUCI on efficiency
improvement.

In addition, the power dissipation of body diode in the ON-state
is related to the maximum forward drop voltage (VF ) and it is
expressed as

PLoss
Diode = VF ID(AVG). (39)

It is noteworthy that the voltage drop of diodes increases
at higher currents level. The equivalent series resistance (resr)
causes losses in the capacitors that is expressed as follows:

PLoss
Cap. = resrI

2
C(RMS). (40)

Consequently, the theoretical efficiency of the SQHSUCI is
found as

η =
Pout

Pout + Ploss
. (41)

The effect the QRO performance of the proposed SQHSUCI
on efficiency improvement is demonstrated in Fig. 8. The values
of converter parameters are assumed as follows: Vin = 20 V,
R = 700 Ω, rL1 = rLM = 50 mΩ, fs = 60 kHz, td(off) = 50
ns, td(on) = 20 ns, rds1,2(ON) = 18 mΩ, rD1 = rD01 = rD02

= 7 mΩ, resrC1 = 25 mΩ, resrC01 = resrC02 = 250 mΩ,
VF1 = VFO1 = VFO2 = 0.5 V, and n = 3. It is clear that the
resonant performance in the SQHSUCI can play an effective role
in improving the converter efficiency. Moreover, the calculated
efficiency and ideal voltage gain curves versus the duty cycle
and different turn’s ratio (n = 3/1.5/0.5) of CI are illustrated
in Fig. 9. As it is shown, by increasing the duty cycles and
turns ratio of CI, the converter efficiency is decreased. Moreover,
due to the high voltage and current levels in high duty cycles,
a sudden drop happens in converter efficiency, which limits
the maximum power-handling capacity. This sudden drop in
efficiency occurs in all high step-up converters, especially in the
classical flyback converter. Reducing power losses along with
increasing the voltage gain ratio in the proposed converter has
led to high power-handling capacity.

IV. DCM PERFORMANCE ANALYSIS

A. Boundary Between CCM and DCM

Under some conditions, such as very light output load, switch-
ing frequency drop, and also small input inductor, the proposed
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Fig. 9. Efficiency and ideal voltage gain versus the duty cycle and different
turn’s ratio of CI.

Fig. 10. Inductor voltage and current waveforms at the boundary of
CCM/DCM mode.

converter inevitably operates in discontinuous conduction mode
(DCM). In this condition, the current of the input inductor L1

falls to zero before the next switching cycle and crosses from the
boundary condition between CCM and DCM. The voltage and
current of L1 in boundary operation are illustrated in Fig. 10.
The average value of the input current can be calculated as

IL1B =
VL1DTS

2L1
. (42)

Here, subscript B represents the boundary condition. Substi-
tuting (11) and (18) into (42) leads to

IL1B =
VoD(1−D)2

2L1fs (1 +D + 2n (1−D))
. (43)

The boundary-value of the output load current can be derived
from (43) as follows:

IOB =
VoD(1−D)4

2L1fs(1 +D + 2n (1−D))2
. (44)

Here, the normalized value of the output current in boundary
condition is defined as follows:

IOB

Vo

2L1fs

=
D(1−D)4

(1 +D + 2n (1−D))2
. (45)

Fig. 11. Normalized (a) output load current, (b) output load resistance, and
(c) input current ripple versus D and n.

Furthermore, the normalized value of the boundary load re-
sistance (RLB) can also be given as

RLB

2L1fs
=

(1 +D + 2n (1−D))2

D(1−D)4
. (46)

Fig. 11(a) and (b) depicts the normalized values of the output
current and load resistance versus D and n at the boundary
condition. According to this figure, the maximum values of
output load currents in the boundary of CCM/DCM are

IoBMax =

⎧⎨
⎩
0.01052 Vo

2fsL1min
(D = 0.22, n = 1)

0.00438 Vo

2fsL1min
( D = 0.26, n = 2).

(47)
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Fig. 12. Inductor voltage and current waveforms in DCM mode.

Thus, the minimum value of the input inductor required for
guaranteeing CCM performance can be derived from

L1 > L1min =

⎧⎨
⎩

0.00526RL

fs
(D = 0.22, n = 1)

0.00219RL

fs
(D = 0.26, n = 2).

(48)

Also, the normalized input current ripple can be given as

Δiin
Vo

L1fs

=
D(1−D)2

1 +D + 2n (1−D)
. (49)

The normalized value of the input current ripple curve is
illustrated in Fig. 11(c). According to this plot, the input current
ripple reduced with decreasing the turn’s ratio of the CI.

B. DCM Operation

Key waveforms of the voltage and current of L1 during DCM
performance of the proposed converter are depicted in Fig. 12.
Using the volt–second balance for the input inductor, time
duration Mode III (1) can be achieved as

DVin +Δ1 (Vin − VC1) = 0 (50)

Δ1 =
DVin

VC1 − Vin
. (51)

Also, the voltage of capacitor C1 can be derived by applying
the volt–second balance to the magnetizing inductor (Lm) as
follows:

VC1 =
1−D

1 + D
V01. (52)

Substituting (52) into (51) and rearranging result in

Δ1 =
D (1 +D)

(1−D)M01 − 1−D
(53)

M01 =
V01

Vin
. (54)

Fig. 13. Voltage gain comparison between DCM and CCM performance under
various Q and n.

Considering operating Mode I and using (52), the output semi-
stage voltage gain in DCM is expressed as

M02 =
VC02

Vin
= 2n

(
1−D

1 +D

)
M01. (55)

The static voltage gain ratio of the proposed converter in DCM
(MDCM) is given by adding (54) and (55) as follows:

MDCM = M01 +M02 = M01

(
1 + 2n

(
1−D

1 +D

))
. (56)

The output semistage voltage gain as a function of total
voltage gain in DCM can be given using (26) as follows:

M01 =
MDCM

1 + 2n
(

1−D
1+D

) . (57)

Regarding Fig. 12 and (2), the average value on the input
current (equal to input inductor current) is written as

Iin =
VinDTS

2L1
(D +Δ1) . (58)

Substituting (51) into (58) and then rearranging, the voltage
gain of the converter in DCM (MDCM) as a function of D, n, and
Q is obtained as (59), shown at the bottom of this page

Q =
fSL1

R
. (60)

Fig. 13 shows the voltage gain comparison between DCM and
CCM performance versus duty cycle and different values of Q
and n. It is clear that the voltage gain ratio in DCM operation
is highly dependent on the converter parameters (Q). For this
reason, DCM performance is usually not recommended.

V. COMPARISON WITH THE OTHER RELATED

CONVERTER TOPOLOGIES

To justify the advantages of the proposed converter, some
comparisons are provided in this section. Table I compares some

MDCM =
((1 +D + 2n− 2nD)Q) +

√
((1 +D + 2n− 2nD)Q)2 + 4Q (1−D) D2

2 (1−D)

2 Q (1−D)
(59)
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TABLE I
COMPARISON BETWEEN THE PROPOSED SQHSUCI AND VARIOUS RELATED CONVERTERS

typical performance indicators, including component counts,
static voltage gain, input current ripple, the voltage stress, and
theoretical efficiency of the proposed SQHSUCI in comparison
with related previously reported work.

Comparison results of voltage conversion ratio for various
duty cycles and same turns ratio (n= 2) of the proposed topology
and the other converters presented in Table I are depicted in
Fig. 14. As it is shown in this figure, only the proposed SQH-
SUCI and converters in [10], [23], [27], and [28] have a higher
voltage conversion ratio than the others for all ranges of duty
cycles. However, achieving a wide voltage conversion ratio in
the converters in [10], [23], and [27] requires the use of a large
number of components. Also, high input current ripple is the
other demerit of the converters in [10] and [27], which limits
their applications in the RES.

Moreover, Fig. 15 indicates the normalized voltage stress
across the main power switch that has a dominant power loss
versus the duty cycle and same turns ratio (n = 2) of the convert-
ers introduced in the comparison shown in Table I. It can be seen

that the voltage stress in the SQHSUCI along with converter in
[10] are at the lowest level in comparison to the other converters.
This allows to select MOSFET with lower Rds(on). Also, despite
the high voltage gain, the converter in [28] suffers from high
voltage and current stresses on its single power switch and
input diodes, respectively. According to Table I, under the same
working point (20 V/200 V, fs = 50 kHz, Pout = 100 W, and n
= 0.6) and parasitic components (resistance and voltage drop),
the proposed converter can demonstrate enough high efficiency
against others. In fact, because of the QRO performance in the
proposed converter, the switches turn-OFF and the output diode
reverse recovery losses are alleviated.

In addition, higher voltage gain in the SQHSUCI as semi-
quadratic form leads to significantly reduced turns ratio and
duty cycle. Consequently, the performance indicators of the
proposed topology including voltage stresses, overall efficiency,
power density, costs, and volume in magnetic component against
the other related step-up topologies are improved in the same
conditions.
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Fig. 14. Voltage gain comparison of the proposed SQHSUCI and various high step-up power converter structures introduced in Table I (n = 2).

Fig. 15. Normalized voltage stress across main power switch of the high step-
up converters introduced in Table I (n = 2).

VI. DESIGN CONSIDERATIONS OF THE SQHSUCI
FOR QRO PERFORMANCE

The turn’s ratio of the CI (n) is calculated using the static
voltage gain (18) as follows:

n =
M(1−D)2 − 1−D

2 (1−D)
. (61)

Since the performance indicators, especially voltage and cur-
rent stresses of the semiconductors of the SQHSUCI, are a
function of D and n, then it is necessary to select these values
appropriately. According to Fig. 7, the best choice for the duty
cycle ranges to have the minimum current and voltage stress
across the main power MOSFET is 0.3 < D < 0.7.

Fortunately, because of the ultrahigh-voltage gain ratio in the
proposed converter, it does not require the use of CI with a very
large number of turn’s ratio. According to Fig. 9, increasing
the number of turn’s ratio of the CI leads to a decrease in the
efficiency of the converter.

Fig. 16. Photographs of the proposed SQHSUCI prototype.

In order to guarantee the proper performance of the RES
and extend their lifetime, it is better to extract continuously
current from these sources with low ripple. By considering the
maximum 20% allowable current ripple, the minimum value
of the input inductor of the proposed SQHSUCI is obtained as
follows:

L1 =
VinD

ΔIL1fs
>

VinD

20%IL1fs
>

RD

20%M2fs
(62)
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where R and M are the output load and static voltage gain,
respectively. Because the magnetizing inductor (LM ) of the CI
is located in the middle stage of the circuit, there is no need to
design it with a low current ripple. As a result, the value of the
leakage inductor is also reduced significantly. Using (14) and
(24), the minimum value of LM can be written as

LM =
VLMD

ΔILMfs
>

2VC1D

75%iLMfs
>

2RD

75%Mfs
. (63)

Using the RMS values of the secondary side voltage and
current of the CI, the Volt-Ampere (VA) rating of the CI can
be obtained as

V ACI =
nπPO

1 +D + 2n (1−D)
.

√
(1−D)

2
. (64)

Usually, parameter AP (product of window winding area
× cross-sectional area) is used for the proper selection of the
magnetic core [30], where is defined as

AP =

[
Ki.L.Î

2.
√
1 + γ

Bmax.Kt.
√
KuΔT

] 8
7

108 (65)

where Ku is the window utilization factor, Kt is a constant
value 48 200, γ is the ratio of iron loss to copper loss, Bmax is
the maximum flux density (Bmax = 0.4 for ferrite Mn–Zn), L
is the inductance value, Î is the peak current, Ki is the current
waveform factor, and ΔT is the allowable temperature rise.

The output capacitors C01 and C02 are designed based on the
allowable voltage ripple (usually 1% of Vout) and the output
power as

C01 =
Pout

VoutΔVC01fs
>

Pout

Vout.1%.VC01.fs
(65)

C02 =
Pout

VoutΔVC02fs
>

Pout

Vout.1%.VC02.fs
. (66)

It should be noted that the electrolytic capacitors with higher
rate of capacitance usually have less resr, so it is more desirable.
The intermediate capacitors of the proposed converter C1 and
C2 are based on their maximum current along with considering
the critical mode operation (TR/2 = DTS) as

C1 = C2 =
2I0

ΔVC1 (1−D) fs
>

2DI0
(10− 15%)VC1 (1−D) fs

(67)

C1 = C2 =

(
D

fsπ

)2
2

LK
. (68)

Moreover, the VA rating of the capacitors C1 and C2

are obtained as (69) and (70), shown at the bottom of this
page.

TABLE II
SPECIFICATIONS OF THE IMPLEMENTED PROTOTYPE

Fig. 17. Measured waveforms of the gate voltage and input inductor current
iL1.

VII. EXPERIMENTAL RESULTS

To further validate the theoretical analysis of the proposed
SQHSUCI, a 200-W prototype is provided, as shown in Fig. 16.
The values of different components of the implemented pro-
totype are given in Table II. According to design considera-
tion analysis, to achieve 200-V output voltage, D = 0.55 and
n = 0.6 are considered. According to the CL current peak
(Î = 3 A) and assuming γ = 1,Bmax = 0.4 (for ferrite Mn–Zn),
ΔT = 15, Ki = 0.9, and Ku = 0.3, the value of AP to choose
a proper core is about 2 cm4. For this purpose, a ferrite core EE
42/21/15 is chosen for the CI in the prototype circuit. The exper-
imental waveforms of the SQHSUCI prototype are depicted in
Figs. 17–25.

The input inductor current waveform in the time domain is
shown in Fig. 17, which is continuous with iLin = 0.8 A ripple

V AC1 =
(1−D)Po

1 +D + 2n (1−D)

√
D

(1−D)2
+

(nπ)2

8D
+

n

1−D
+ (1−D)

(
D + 2n− 3nD)

(1−D)2

)2

(69)

V AC2 =
(1−D)Po

1 +D + 2n (1−D)

√
D

(1−D)2
+

(nπ)2

8D
+

n

1−D
+ (1−D)

(
D (1 + n)

(1−D)2

)2

(70)
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Fig. 18. Measured waveforms of the voltage and current of switch S1.

Fig. 19. Measured waveforms of the voltage and current of switch S2.

Fig. 20. Measured waveforms of the voltage and current of diode D1.

Fig. 21. Measured waveforms of the voltage and current of diode D2.

Fig. 22. Measured waveforms of the voltage and current of diode Do1.

Fig. 23. Measured waveforms of the voltage and current of diode Do2.

Fig. 24. Measured waveforms of the output voltage and leakage inductor
current of the CI under output power 200 W and input voltage 20 V.

Fig. 25. Measured efficiency versus the output power.
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(0.16% Iin). The measured voltage and current stresses on the
MOSFETs (S1 and S2) along with QRO area are depicted in
Figs. 18 and 19. As it is shown, the voltage stresses across S1
and S2 are 45 and 149 V, respectively. Also, due to the QRO
performance of the circuit, the turn-OFF current of the MOSFETs
is reduced. Moreover, Figs. 20–23 show the experimental results
of voltage and current stress of the converter diodes, which
closely agrees with the theoretical analysis. According to these
figures, the reverse recovery losses of the output diode D01 are
significantly reduced. The waveforms of the output voltage and
current of the leakage inductance of CI are also displayed in
Fig. 24.

In addition, Fig. 25 shows the practical efficiency of the
laboratory prototype at several output powers from 30 to 200 W
under different input voltages Vin = 20 V and Vin = 25 V and
the same output voltage Vout = 200 V. The maximum efficiency
of the SQHSUCI in 100 W and Vin = 25 V is about 95.5%. By
increasing the input voltage, the efficiency is improved. It can
be seen that the proposed converter has an acceptable efficiency
under various output voltages.

VIII. CONCLUSION

In this article, a new coupled-inductor high step-up converter
with continuous input current has been proposed. The proposed
topology can provide a high step-up voltage gain, and low
input current ripple under low voltage spikes across the power
components. Moreover, the design of a resonant tank in the
converter has reduced switching and reverse recovery losses. In
addition to the key role of the leakage inductor in the resonance
performance, its stored energy is also transferred to the output
capacitor. The operation principle, the steady-state analysis, and
the merits of the proposed converter against the other related
converters are discussed in detail. Experimental results of a
laboratory prototype at 200 W with 20 V input voltage and
200 V output voltage proved the feasibility of the proposed
converter. According to all the aforementioned features, the
proposed converter is a competitive option in renewable energy
applications.
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